The V-IDce dependence of the electrophoretic mobility of small DNA rings on their topologlcal constraint, which has been documented in a recent paper [Zivanovic et al. (1986), J. Mol. Blol., 192, 645-660], has been explored as a tool to measure the helical twist of the torsbnalry unstressed duplex. The method was applied to single mixed sequence fragments approximately 350 to 1400 base pairs in length, providing estimates of their average helical periodicity. It was also used to compare two DNA fragments, and to evaluate the helical repeat of poly(dA.dT).poty(dA.dT) and pory(dA).poly(dT) inserts, and the helix unwindings associated with dA and dC methylattons by dam and Hhal methylases, respectively. Data were found to be highly reproducible and helical repeat estimates were In good agreement with those obtained from previcjs techniques.
INTRODUCTION
Helical twist of DNA In solution has so far been measured by two methods. In one of them, the DNA was adsorbed on a solid surface, and its helical repeat was obtained from the periodicity of the enzymatic or chemical cleavage of the exposed side of the double helix (1) (2) (3) . In the other, the DNA was inserted into a plasmid and its repeat deduced from the correlative change in the plasmid superheHcity (4) . Those methods have produced estimates for mixed sequence DNAs which vary between 10.5 and 10.6 base pairs (bp)/tum (2, (5) (6) (7) .
A third way to the same purpose was opened more recently by the observation that the probability of a short DNA fragment to circularize under Incubation with ligase varies periodically with its length (8) . As a consequence, the ratio between adjacent topoisomers in the distribution of the closed circular products varies between 0 (a single topoisomer present) when the mean twist number of the fragment is integral, and 1 (two topoisomers, obtained from equal unwinding and overwinding of the double helix, respectively, present in the same amount) when that number is an Integer plus 0.5. The measurement of the exact periodicity of that variation then provided accurate estimates of the helical repeat of the DNA in the Dgation buffer. 10.45 and 10.54 bp/tum were independently obtained by two laboratories for 210 to 250 bp rings (9, 10) . Once normalized to 25 °C In gel electrophoresis buffer (see its composition in Methods) using the known dependence of the helical twist on temperature (11, 12) and counterion concentration (13) , helical repeats become 10.55 and 10.57 bp/tum, respectively, in excellent agreement with above estimates. Unfortunately however, such procedure, which requires extensive constructions of fragments of different lengths along with accurate quantltations of DNA In gels, can hardly become a practical method suitable for routine measurements.
We have investigated here the use of the V-like dependence of the electrophoretic mobility of small DNA rings on their topological constraint, which has been documented in a recent article from this laboratory (14) , as a method for the measurement of the DNA helical twist. The method has been applied to mixed sequence DNAs, poly(dA.dT).poly(dA.dT) and poly(dA).poly(dT), as well as to the measurement of duplex unwindings resulting from methylations of dA and dC by dam and Hha I methylases, respectively. The method was shown to be highly reproducible and to lead to helical repeat figures in good agreement with those previously estimated by above procedures.
MATERIALS AND METHODS a) Enzymes and reagents.
Netropsin was a gift of Dr. C. Zimmer. Ethidium bromide was from Sigma. Acrylamide and other electrophoresls reagents were from Biorad Laboratories. Restriction endonucleases were from Appligene (Strasbourg), Boehringer, Promega Biotec and New England Biolabs. Alkaline phosphatase and phage T4 DNA ligase were from Boehringer, while phage T4 polynucleotide Wnase was from Promega Biotec.
[Jf The 358, 665 and 506 bp fragments, respectively, were purified from Sau3A and Hinf I digests of pBR322 (15) . The 641 bp ori C fragment originates from a Hhal digest of plasmid pOC42 (16) . This plasmid was obtained from pBR322 by Insertion at the Pst I site of a 1934 bp fragment of the E. coli cnromosome containing the replication origin (ori C). The pOC42 plasmid with unmethylated dA residues in Mbo I d(GATC) sites was obtained by transformation of dam 3 E coli cells with tne methylated plasmid The effective presence or absence of methylated sites in pOC42 DNAs was checked by comparative digestions with Mbo I and Sau 3A restriction endonucleases. Other fragments derive from the 665 bp fragment and contain inserts of poIy(dA.dT).poly(dA.dT) (709 bp fragment), or poly(dA).poly(dT) (721 bp fragment). These fragments were purified from Sau3A digests of plasmlds pAT44 and pB10, respectively. Plasmid pAT44 had previously been obtained by insertion of 40 bp of poly(dA.dT).poly(dA.dT) at the filled-in Hind III site of pBR322 (6) . Plasmid pB10 was recently constructed by tailing of Hind Ill-cleaved pBR322 DNA using terminal deoxynucleotldyl transferase, followed by annealing and transformation of E coli HB101, as previously described for plasmids pAA24 and pAA82 (6) . Insert and surrounding regions were sequenced as described (17) using the two separated strands of the EcoRI-Hhal fragment. Fig 1   reveals that the four middle bp of the Hind III site were deleted on both sides and that 65 bp of poly(dA).poly(dT) were inserted, resulting in a 61 bp length difference with the parent plasmid Such deletions are an expected consequence of the fact that termini were not filled-in prior to tailing.
c) Topolsomers.
Preparation procedures have previously been described in detail (14) . Briefly, fragments were dephosphorylated with alkaline phosphatase, labeled with [v-^PJATP using T4 polynucleotide klnase, and circularized with T4 DNA Bgase. Netropsin and various concentrations of ethldium bromide were used to prepare positively and negatively supercoiled topolsomers, respectively. 665 bp topoisomers +3 and 44 (see below for topoisomer identification) were made using reverse gyrase from the archaebacterium Sulfolobus addocaldarlus (a kind gift from Dr. A. Kikuchi) (18) on Bgase-prepared negatively supercoiled topoisomers. Individual topolsomers were purified by gel electrophoresls In the presence or absence of ethidium bromide. Topoisomers were Identified by their linking number difference, Alk, with the topoisomer (topoisomer 0) which migrates the least in the gel, at 25°C, and which is therefore the closest to relaxation. ALk Is also referred to as the topoisomer topological constraint, (19) .] The DNA was then purified and circularized as indicated above. The fragment was also essayed for digestion with a 10-fold excess of Hhal restriction endonudease and was found to be resistant, while unlabeled pBR322 DNA added as a marfcer displayed the expected band pattern. Such resistance does not however prove that all sites had received two methyl groups, as shown by the following experiment. Briefly, a 1035 bp Eco Rl-Nru I fragment containing the 358 bp fragment near one end and the insert ( fig. 1 ) near the other was prepared from Dtasmkj pB10. The fragment was methylated under above conditions and the two strands of both methylated and unmethylated fragments were separated by gel electrophoresls. The strands were then associated crosswise to give two hybrid duplexes with only one strand methylated, and Hha l-susceptible sites were mapped. Approximately 70% of each duplex was found to be completely resistant, confirming that hemimethylation suffices to prevent the sites from being digested. The susceptible fraction, on the other hand, showed the occasional occurrence of methyl-free sites at all expected positions (ref. 15 ; 5 of those were in the 358 bp fragment).
These results (I.G.; unpublished) therefore demonstrate that sites In the original 1035 bp fragment were mostly double-methylated, but sometimes hemlmethylated. Such conclusion must apply to the above 358 bp fragment as well.
a) Gel electrophoresea.
They were performed in a Pharmacia GE2/4LS apparatus in which the plastic coil had been replaced with a longer glass coO of larger Inside diameter so as to regulate the gel temperature within ±0.1 °C. The buffer (20 mM sodium acetate, 2 mM EDTA and 40 mM Tris-acetate, pH 7.8) was redrculated between the two reservoirs. Gels (0.12 x 17 x 20 cm) were pre-electrophoresed for 1 to 2 h and electrophoresed at 250 V (about 50 W) until the xyfene cyanol dye reached the vidnity of the bottom. 
PRINCIPLE OF THE
where N is the ring size (in bp). h can subsequently be normalized to the reference temperature of 25 °C by replacing Tw Q in equation (3) by Tw Q + ATw, wSh respectively (means ± maximal deviations for 12 measurements). The underlined, median, value will be shown in Discussion to be the most probable one.
Another example of the temperature dependence of the apex location is provided by a pBR322 The helical twist difference between two fragments, ATw n , is given by the differential of equation (5) in Principle. It comes ATw^AU^ + AfALV (6) where ALkj, and AfALky) are the differences between the linking numbers of the two topoisomers 0, and between the apex locations measured on the Vs, respectively. Because the intra-gel reproducibiflty of the fig. 2 ). Slopes of the least squares straight lines were found to be dose to 1.9 %/°C. Such value corresponds to an apparent thermal untwisting coefficient of 1.9 x 360/100/358 = 0.019 <7°C per bp.
"negative" topoisomers. Methyl groups also appear to cause a retardation of the linear DNA. Fig. 8B shows the two corresponding couples of Vs.
ALky values measured from those Vs and other V couples obtained at different temperatures (not shown) display the same linear dependence on gel temperatures for m + and m* fragments ( fig. 9 ).
Corresponding thermal untwisting coeffidents calculated from the slopes of the least squares straight lines are close to 0.017 7°C per bp, a value significantly larger than that found for the 665 bp fragment (broken One in fig. 9 ). Because ALk Q in equation (6) Is here equal to 0, the helix unwinding associated with the methylatlon can be obtained directly from AfALky). the &1\ difference between m + and rrf DNAs.
A(ALky) was found to be virtually independent on temperature, and to be equal to -0.11 ± 0.01 turn (mean ± maximal deviations for 7 points). Assuming the presence of 19x2=38 methyl groups in the m + fragment, this leads to a specific unwinding of 1.1 ± 0.1° per methyl group, c) Helical repeat from smaller DNA rings.Unwinding associated with methylatlon of dC.
The number of topolsomers on the V has previously been shown to decrease with the ring size: from 6 at 665 bp (topolsomers -3 to +2; fig. 3B ), to four at 506 bp (topoisomers -2 to +1) and to three at .350 bp (topolsomers -1 to +1 ) (14) . "Negative" topoisomers with larger constraints indeed start structural transitions and deviate toward the outside of the V. Higher "positive" topoisomers on the other hand may not deviate as much (see fig. 3B ), but they may not be always avaaable. 665 bp topoisomers +3 and +4
could not be prepared by ligatlon In the presence of netropsin but only using reverse gyrase, while both methods failed to produce 358 bp topoisomer +2 (14) . As a consequence, and because a minimum of four topoisomers is required, the V could not be constructed with .350 bp rings. If the general method of measurement cannot therefore be used, the helical repeat can still be obtained at the temperature of relaxation of topoisomer 0 (T o ; see Principle of the Measurement). It has Indeed been previously shown that a crierion for topoisomer 0 relaxation Is, in addition to Is positioning at the V apex, the comlgratlon of its two neighbor topolsomers +1 and -1 (14) . Lk Q in equations (2) and (5), or Al_k 0 in equation (6), which represent the linking number of topoteomer 0, or the difference between these linking numbers In the comparison between two series of rings of different sizes, are generally unknown. For this reason, the method does not provide a unique value for h, but rather a set of discrete potential values upon successive variations of U^ or ALk 0 by one unit. The problem is therefore to assign a proper value to U^ or ALkg.
There is little doubt that the correct ALk,, values are those which lead to 10.78 and 9.97 bp/lurn Helical repeats at 25°C 1) Only data relative to the unmodified fragment is reported. The helical repeat was first calculated at the temperature at which topoisomers +1 and -1 comigrate, and was subsequently normalized to 25°C (see Results and Discussion).
2) m + and m" refer to the methylated and unmethylated fragments, respectively (see Materials and Methods). Helical periodicities were calculated from the position of the apex of the Vs on the ALk axis, as described in Results and Discussion.
3) The 1374 bp fragment originates from a Sau 3A digest of pBR322 (15) . Two Vs have previously been obtained for this fragment at 25 and 29 °C. Corresponding ALky values were -0.13 and -0.33 turn at 25 and 29 °C, respectively, leading to a thermal unwinding of 0.0137°C per bp (14) . The helical repeat was calculated as described in Discussion. 4) Insert helical repeats were derived from the comparison of Vs obtained with 665 and 709 bp fragments (poly(dA.dT).poly(dA.dT)), and 665 and 721 bp fragments (poly(dA).pory(dT)) (see Results). 5) Average dG + dC contents were calculated from sequences reported in refs 27 (641 bp fragment) and 34 (other fragments). 6) Reprodudbllitles were derived from the accuracy achieved in the determination of the comigration temperatures of topoisomers +1 and -1 (358 bp fragment); from the deviation of the data points around the least squares straight lines In the plots relating apex locations, or differences In apex locations, to gel temperatures (506 and 641 bp fragments; pory(dA.dT).poly(dA.dT) Insert); and from the dispersion obtained in several measurements performed at the reference temperature (665 bp fragment; poly(dA).poly(dT) Insert) (see Results). Although reprodudbiOtles obtained for the fragments bear on the third decimal point, their helical repeats were rounded off to the second. Is however unlikely to be significant since an Increase over the true value is expected from the U-like dependence on topologlcal constraint observed for the topoisomers of smaller fragments (14) . Indeed the U differs from the V by a larger mobility of topolsomer 0 relative to topoisomers +1 and -1, whose mobilities remain virtually unchanged. The distance between topoisomers +1 (or -1) and 0 (the denominator of the fraction measuring the slope of the straight lines in fig. 10B ; see the figure legend) therefore decreases, while the distance between topolsomer +1 and -1 (the numerator of the fraction) is constant.
[Such U was shown to occur when compaction forces exerted by the gel matrix on the rings are large enough (14) .] d) Helix unwlndlngs associated with dA and dC methylatlons.
The helix unwinding associated with in vivo methylation of dA at the N 6 position in d(GATC) by dam methylase which has been found here, 1.1 ± 0.1° per methyl group, appears to be twice as large as the 0.50 ± 0.02 ° figure obtained recently by others using the band shift method with plasmkl DNAs methylated either in vitro or in vivo (31) . The reason for this discrepancy is unknown, although it is unlikely to lie In the different procedures used since these were found to otherwise lead to very similar data.
A unique value for the helix unwinding induced by In vitro methylation of the internal dC residue at the C 5 position In d(GCGC) by Hhal DNA methylase could not be derived due to the lack of a determination of the exact number of methyl groups effectively transferred. Experiments described in Methods have however shown that an potential sites were at least hemimethylated, with a large proportion of them fully methylated. This unwinding may therefore be closer to 0.6 ° per methyl group (DNA methylated to 100%) than to 1.3 ° (In case of a 50% methylation), and appears smaller than that associated with dA methylation (see above).
Both methylation-associated unwlndings must reflect permanent alterations of the local structure of the double helix, rather than the effects of a thermal melting. For dC methylation, this results from the observation that the presence of 5 mdC rather increases the DNA melting temperature (32) . For dA methylation, this conclusion is based on the lack of temperature dependence of the unwinding between 21 and 41 °C (this work) and between 5 and 37°C (31) . This feature Is particularly relevant in view of the depression in the DNA melting temperature caused by 6 mdA (33).
e) Concluding remarks.
The property of small DNA rings to migrate in a suitable gel according to a V has been shown here to provide an accurate tool to estimate the helical twist of the torsfonatly unconstrained double helix under defined conditions. The method may be applied to single fragments, and give their average helical repeat;
to avoid ambiguities in the assignment of a value to Lk Q , however, these fragments should not be longer than possibly 1000 bp. The method may also be used to compare the twist of two fragments, in which case the helical repeat of an insert or the alteration of the twist due to a modification of the DNA can be Investigated.
The method appears less fiexble when applied to fragments smaller than 500 bp, for which the V cannot be constructed. Indeed, In that case, only a helical repeat at the temperature of relaxation of topoisomer 0 (T^ is directly produced, and normalization to 25 °C must assume a value for the thermal untwisting coefficient. This procedure may be prone to error if T o is far from the reference temperature, as would be the case with a 354 bp fragment, for example, of T o close to 65 °C. This difficulty may potentially be overcome by using the comigratbn of two adjacent rather than nonadjacent topolsomers like +1 and 
